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Generation of microwave pulses from the static electric field of a capacitor 
array by an underdense, relativistic ionization front* 
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Department of Electrical Engineering-Electrophvsics, University of Southern California, Los Angeles, 
California 90089 

C. Joshi 
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(Received 18 November 1997; accepted 16 January 1998) 

The dc to ac radiation converter is a new device in which a relativistic ionization front directly 
converts the static electric field of an array of alternatively biased capacitors into a pulse of tunable 
radiation. In a proof-of-principle experiment frequencies between 6 and 21 GHz were generated 
with plasma densities in the 1012 cm""3 range and a capacitor period 2^=9.4 cm. In the present 
experiment, short pulses with frequencies between 39 and 84 GHz are generated in a structure with 
2d =2 cm. The frequency spectra of these pulses are measured using a diffraction grating. The 
spectra are discrete, and their center frequency varies linearly with the gas pressure prior to 
ionization (or plasma density), as expected from theory. Their relative spectral width is around 18%, 
consistent with the expected number of cycles (six) contained in the pulses. An upper limit of 750 
psec (bandwidth detection limited) is placed on the pulses length. The emitted frequency increases 
from 53 to 93 GHz when the capacitors are connected by pair to obtain a effective array period of 
4 cm.   © 1998 American Institute of Physics. [S1070-664X(98)92405-3] 

I. INTRODUCTION 

Two classes of radiation sources have proven to be ex- 
tremely successful in producing high-power and/or high- 
frequency radiation. The first class uses emission from free 
electron beams to produce electromagnetic (EM) radiation 
from the microwave frequency range to the infrared (IR) 
(klystrons, gyrotrons, free electron lasers, masers,...) and 
even vacuum ultraviolet (VUV) (synchrotrons). The second 
class uses transitions between atomic or molecular states to 
produce EM radiation from IR to the VUV (lasers). Re- 
cently, alternate sources that directly convert static electric 
fields into EM radiation have been successfully tested in 
vacuum devices' and in photoswitched semiconductors.2 In 
addition, laser-produced ionization fronts have been used to 
upshift the frequency of an existing radiation source3 from 
35 GHz to more than 150 GHz by a mechanism described as 
phase modulation in a time-varying medium,4 or photon 
acceleration.5 

In the new device,6 the radiation is produced through 
conversion of the static (w0 = 0) electric field from an array 
of alternatively biased capacitors of period 2d (wave number 
kQ=irld) by a laser-produced, underdense, relativistic ion- 
ization front. Each time the front crosses a capacitor it trig- 
gers a burst of current and, consequently, a burst of broad- 
band radiation. The bursts from each capacitor sum 
coherently with a phase determined by the front velocity to 
produce an EM radiation pulse in the plasma with a particu- 
lar frequency and propagation direction. Since the wave train 

*Paper qThpI2-4 Bull. Am. Phys. Soc. 42. 2062 (1997). 
'Invited speaker. 
"''Electronic mail: mug"li@ee.ucla.edu 

(ac) that exits the plasma is similar to the waveform of the 
static (dc) electric field, we refer to this device as a dc to ac 
Radiation Converter or DARC source. The energy carried by 
the EM pulse is taken from the electrostatic energy of the 
capacitor array. The laser pulse energy is used for the ion- 
ization of the working gas only. The frequency of the EM 
pulse is tunable by adjusting either the plasma density (i.e., 
the working gas pressure prior to ionization) or the capacitor 
spacing d. In principle, the pulse can be completely tailored 
for a specific application by modulating the distance between 
the capacitors along the array (frequency chirping), and by 
adjusting the voltage applied to each capacitor (temporal 
shape). The number of cycles of radiation is equal to half the 
number of capacitors in the array, and the device can pro- 
duce very short (few cycles) EM pulses. By choosing the 
capacitor period d and the appropriate plasma density the 
device can be operated from the microwave to the IR or 
teraherz frequency range. Applications for a high-power, 
tunable, ultrashort pulse source ranges from advance radar 
and remote sensing to ultrafast chemical and biological im- 
aging, ultrafast interaction in solids, atomic physics, etc. 

Beside the EM mode excited in the plasma that is the 
main focus of this paper, a zero-frequency magnetic mode, 
the free-streaming or picket-fence mode, is theorized to be 
excited. This mode has never been observed experimentally, 
and should be observable in the DARC source. Also a small 
fraction of the energy is reflected at a very high-frequency 
(<DR=4yjk0c) since it experiences a double Doppler fre- 
quency upshift upon reflection off the relativistic (yf 

> 1000) ionization front. 
This paper reviews the theory6 (Sec. II) and the first 

experimental results7 obtained with a DARC source with d 

1070-664X/98/5(5)/2112/8/$ 15.00 2112 © 1998 American Institute of Physics 
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x = Vft), a fourth plasma mode (labeled Ts in Fig. 2), called 
the free-streaming or picket-fence mode, is also excited. It 
consists of a static (ü>S = 0) magnetic field, perpendicular to 
the capacitors electric field, with a direction alternating in 
space with the same periodicity 2d as the static electric field 
(see Fig. 1). This mode is sustained by the steady currents 
flowing between the capacitor plates. In the case where A 
<k0 the static electric field of the capacitor array can be 
expanded as6 

£v=2 
(-1)"2*0V( o^o 

„=o   TT sinh([2« + 1 ]k0b/2) 
„i(2n+ I )k0x 

Ex=1 

Xcosh([2n+l]£0;y), 

i(-l)n2*0Vo 

(3) 

„i(2n+l)k0x 

„=o   TT smh([2n+l]k0b/2) 

Xsinh([2n+l]k0y), 

where the origin is placed in the middle of one of the capaci- 
tors, and V0 is the total voltage applied to the capacitors. 
Near the axis, the first term (n = 0, amplitude E0) in the sum 
is approximately equal to V0/b, is always the largest by a 
factor 3 or more, and is the only one retained in the follow- 
ing analysis. To ensure the continuity of the fields every- 
where along the boundary, all the modes are assumed to have 
the same spatial characteristics as the static field [Eq. (3)]. 
The sinh and cosh terms Fourier decompose into an infinite 
number of ky components, and because of the dispersion 
relation for the transverse modes (ui2 = o>2

pe + k2
xc

2 + k2.c2), 
each ky component would lead to a different to and kx. How- 
ever, for large upshift (o)pe>k0c) the k2c2 term (of order 
k0c2) in the dispersion relation can be neglected, and the 
transmitted mode can be considered as having a single fre- 
quency. To obtain the amplitudes of the fields for the five 
modes (R,Tl,T2,T3,Ts) the boundary conditions for the 
fields have to be solved in the front's frame and the results 
transformed back into the laboratory frame. For a large up- 
shift {u>pelk0c>\) and a relativistic ionization front (Vf 
= c) they are approximated by 

T, = l -2(kQc/o)pe)
2 

(4) 

T2=-k0c/2wpe(l+2kQc/wpe), 

TT,= —k0c/2u)peX(\ +2k0c/u>pe), 

7,= -l, 

R = (2ope/yfßjk0c)2, 

Thus the amplitude of the electric field of the transmitted EM 
wave is approximately equal to that of the static electric field 
EQ of the capacitors (7", = 1). Note that Ts is defined as 
CBJEQ. With an array of N capacitors the output pulse is 
NI2 cycles long, i.e., its time duration is T=NTT/CI), and its 
bandwidth scales as Aw/w«2/A' and depends on the particu- 
lar pulse shape. Assuming that the plasma completely shields 
the capacitors field, the energy carried by the output pulse is 
given by 

W=- 
NirA 

Mo    w 
T2F2 

(5) 

where A is the spot area of the ionizing laser pulse 
(A^aXb the waveguide cross area). The output power is 
given by 

-AT2E\. 
Mo 

(6) 

The efficiency of the device 77, defined as the ratio of the 
energy in the output pulse to the electrostatic energy stored 
in the ionized volume, is given by 

V=2 

1  &QC 

(O 
T]- (7) 

For large upshift (a)>k0c, r,= I), the efficiency tends to- 
ward 7)^\ld*=4klc2lo)2. The energy of the laser pulse is 
not included in 77. The above analysis is valid only for sharp 
fronts [i.e., front spatial extend much less than (yjk0)~1]. A 
WKB analysis shows that the results for the transmitted 
mode remain the same for continuous fronts.6 The sharpness 
of the ionization front depends on the ionizing laser pulse 
length and on the ionizing process. 

III. EXPERIMENTAL RESULTS 

A. Large structure 

The large structure consists of N=\2 capacitors a 
= 4.1 cm wide with b= 1.5 cm, d = A.l cm, and the gap be- 
tween capacitors is A = 0.6 cm. The working gas is azulene 
(C8HI0, ionization potential 7.42 eV), and azulene vapor of a 
few millitorrs is obtained by sublimation of azulene crystals 
around 100 °C. Two photon ionization by a 50 psec, 30 mJ, 
8 mm in diameter ultraviolet (\L = 266nm) laser pulse 
yields to plasma densities in the lxlO" to 5X1012cm~3 

range. For a fixed laser pulse intensity, the plasma density is 
expected to be linearly proportional to the initial azulene 
vapor pressure. The plasma density ne is calibrated versus 
the azulene vapor pressure (for a fixed laser pulse intensity) 
by interferometry at 60 GHz in a Q-band waveguide vacuum 
system. The calibration is 5.1X10" cm~3/mT of azulene 
with 30 mJ of UV energy. A dc high voltage (HV) between 
300 and 1000 V is applied to the capacitors. With these 
experimental parameters, Eq. (2) predicts that frequencies in 
the 10 GHz range should be produced. At these frequencies 
the capacitor array dimensions (a and b) are comparable to 
the wavelengths of the radiation generated (\ = 3cm). The 
waveguide effect of the array can be taken into account in 
Eq. (2) [or Eq. (1)] by assuming that only one TE mode 
propagates in the structure: 

kQv, 

2kac 

2k0vf 

+ 
2k0v, 

(köc2 + a);nw + «)pe), (8) 

where <a,.Mn = c[(n2ir/a)2 + (m2TT/b)2]U2 is the cutoff fre- 
quency for the TE„„, mode in the waveguide of transverse 
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FIG. 6. Experimental setup for the frequency spectra measurements above 
30 GHz. The angle between the emitting horn and the receiving horn is kept 
constant while the grating is rotated. 

tion of the UV laser beam has been observed at pressures up 
to 1 Torr. The voltage the structure can withstand without 
breakdown decreases with increasing TMAE pressure and 
ultimately limits the frequencies [Eq. (8)] and powers 
(
K

VQ) reachable in this experiment. According to Eq. (8) 
frequencies above the Ka-band cutoff frequency (21.10 GHz) 
can be generated with plasma densities higher than 
1.551.55X 1012 cm-3 (assuming propagation in the TE10 

rectangular mode). The frequency spectrum of the radiation 
generated with a given plasma density is measured using a 
microwave grating consisting of 50 6.64-mm grooves and 
blazed with a 30° angle. The incident wave is j-polarized 
and the signal is observed in the m = — 1 or m = — 2 reflec- 
tion orders. For a grating with a blazing angle of 26°45', the 
reflection efficiency is strongly reduced8 for mk/d<0.7, i.e., 
for frequencies larger than 64.5 GHz in the m = — 1 order 
with a groove spacing of 6.64 mm. Thus in this experiment 
(blazing angle of 30°) frequencies above 60 GHz are ob- 
served in the m = — 2 order. A waveguide and detection di- 
ode with the appropriate cutoff frequency are used to ensure 
that the signals observed at large incidence angle are really 
second-order reflections. The angle between the emitting and 
the receiving horn is kept constant (15°) while the grating is 
rotated to acquire the frequency spectrum (see Fig. 6). The 
microwave signal is detected using a DXP-22 millitech® di- 
ode (ß-band) and a 1 GHz bandwidth scope or digitizer 
connected to a computer-controlled data acquisition system. 
The spectrum is constructed from multiple shots taken at 
different angles of incidence on the grating. Cold test mea- 
surements with a Ka-band frequency sweeper show that the 
resolution of the frequency measurement system is 4 GHz 
between 26.5 and 40 GHz. This value is in agreement with 
the value obtained from the grating equation {dfldd) times 
the equivalent horns/grating collection angle (A 0=6°). The 
resolution can thus be calculated for larger incident frequen- 
cies for which no cold test is performed and is found to be 
around 12 GHz at 60 GHz. Note that observing higher fre- 
quencies in the m=—2 order preserves the good resolution 
(A///SS10%) measured up to 40 GHz. 

Figure 7 shows the microwave signal when reflected 
from the back of the grating (acting as a plane mirror with a 

FIG. 7. The microwave signal detected by the microwave diode observed on 
a 1-GHz bandwidth oscilloscope. The FWHM is about 750 ps and is detec- 
tion bandwidth limited. />TMAE=14mT, V0 = 5.3kV, /=65GHz, N= 12; 
theory predicts that the pulse duration should be irN/to=93 ps. 

7.5° incidence angle). The full width at half-maximum 
(FWHM) of the signal is 750 psec, and is bandwidth limited 
by the RC time constant of the microwave diode, cable, and 
oscilloscope (= l GHz bandwidth). At this TMAE pressure 
(PTMAE=l4mT), the pulse center frequency is expected to 
be about 65 GHz (see Fig. 10) with a pulsewidth of TTN/CO 

= 93 psec. (Similar signals were obtained over the whole 
frequency range of Fig. 10.) To our knowledge these are the 
shortest pulses in this frequency range.9 Figure 8 shows the 
frequency spectrum of the radiation measured at TMAE 
pressures of 2, 5, and 24 mT, leading to center frequencies of 
39 and 53, (observed in the m= — \ order), and 84 GHz 
(observed in the m=—2 order), respectively. These spectra 
are discrete and their relative spectral width Aco/co denned 
as the ratio of the FWHM to their center frequency, together 
with the width of spectra obtained at 8 and 12 mT (not 
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FIG. 8. Frequency spectra obtained at 2 mT (circles and long-dash line). 5 
mT (squares and short-dash line), and 24 mT (triangles and continuous line) 
of TMAE pressure. The lines are added to guide the eyes. The spectra are 
obtained by observing the signal reflected in the m = - 1 (2 and 5 mT) and 
m = — 2 order (24 mT) of a microwave grating with 50 6.64-mm grooves 
blazed with a 30° angle. The spectra are normalized to their peak value. The 
center frequencies are 39, 53. and 84 GHz, and their respective FWHM are 
7.0 GHz (18%), 10.9 GHz (20%), and 19.6 GHz (23%). The frequency 
resolution is about 4 GHz or 10% between 26 and 40 GHz both in the first 
and second reflection order. 
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FIG. 12. Microwave signal as a function of the applied voltage V0 at 
/>

TMAE
=

 15 mT corresponding to a frequency of around 65 GHz. The line is 
the best fit to a />* V\ dependency predicted by Eq. (6). 

IV. OTHER DARC SOURCES 

When operated in the microwave frequency range, the 
capacitor array has to act as a waveguide with acceptable 
transmission characteristics. The sources that were tested so 
far (see previous paragraph) exhibit relatively poor transmis- 
sion characteristics in cold tests, which probably accounts for 
the relatively low power signals measured. The dc breaks of 
the capacitor array perturb the wall current necessary for the 
free propagation of the waveguide modes. These structures 
are essentially capacitor arrays supporting microwave propa- 
gation. In order to improve the microwave characteristics of 
the DARC source, and to take full advantage of the potential 
high output power of the scheme, a source in the X-band 
(Fig. 13) has been designed in which the capacitor plates are 
replaced by pins inserted in the waveguide through small 
hole in its narrow side wall. Cold test results indicate that the 
transmission characteristics of this device are those of a plain 
waveguide, except for stopbands created by the pins periodic 
structure. For example, the distance between the pins can be 
chosen such that the first stopband appears outside of the 
X-band frequency range (8.20-12.40 GHz). Calculations of 
the electric field pattern inside the waveguide show that the 
stored energy available for conversion into EM radiation is 
only a factor of 3 smaller than in the plate case. The output 
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FIG. 13. Schematic of a DARC source in the X-band. The pins introduced 
through the narrow side wall of the waveguide play the role of capacitors. In 
cold test the structure exhibits no insertion, except for narrow stopbands 
created by the periodic pins. 

power of this device should thus be much higher than that of 
the previous devices. This DARC source will be tested in the 
near future. 

Equations (1) or (2) indicate that a DARC source with a 
period d of 330 /xm produces teraherz radiation with plasma 
densities in the 1017 cm"3 range. Such a device has been 
built and will be operated in the 5-20 /xm wavelength range. 
The plasma density required to produce those short wave- 
lengths will be obtained through field ionization of nitrogen 
or xenon by a high-intensity femtosecond laser pulse. 

V. SUMMARY AND CONCLUSIONS 

The DARC source is a new device in which the static 
electric field of an array of alternatively biased capacitors is 
directly converted into EM radiation by a laser-produced 
relativistic ionization front. The results presented in this pa- 
per show that microwaves between 6 and 21 GHz and 39 and 
93 GHz are produced with two devices with capacitor spac- 
ing in the centimeter range (d = 4.1 and 1.0 cm, period 2d) 
and plasma densities in the 1012—1013 cm"3 range. The ra- 
diation frequency can be tuned either by adjusting the plasma 
density (i.e., gas pressure prior to ionization) or the distance 
d between the capacitors. The pulses frequency spectra are 
discrete with a center frequency that varies linearly with the 
plasma density, and with a relative FWHM around 18%, 
consistent with their expected number of cycles (A72=6. N 
is the number of capacitors in the array). The pulses are 
expected to be extremely short (<200psec above 30 GHz, 
Ka-band source), and an upper bound to their width is ex- 
perimentally placed at 750 psec (detection bandwidth lim- 
ited). The amplitude of the measured signals follows the VQ 

dependency (V0 voltage applied to the capacitors) predicted 
by theory, but their power level remains lower than expected 
(in the 100 mW range up to V0 = 5 kV). Cold test measure- 
ments show that the cut in the waveguide necessary for the 
capacitor array introduces an insertion loss of around 
- 30 dB between 26.5 and 40 GHz (Ka-band) that certainly 
contributes to the low observed powers. Expression (6) is 
derive from a plane wave propagation theory. However, in 
the microwave frequency range the excitation and propaga- 
tion of the generated radiation should take into account the 
characteristics of the supporting structure ("waveguide"). A 
new structure has been built in an X-band waveguide that 
exhibits no insertion loss between the narrow stopbands in- 
troduced by the periodic pins that act as capacitor plates. The 
issue of the power effectively produced by the DARC source 
and coupled to a waveguide mode will be better addressed 
with that structure. The range of frequencies generated by the 
DARC source will be extended to the terahertz range with a 
structure with a capacitor spacing of 330 /xm and a plasma 
density around 1017 cm-3. Experiments are conducted to de- 
tect the never observed free-streaming or picket-fence mode, 
a zero-frequency magnetic mode that is theoretically excited 
in the DARC source. 
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